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Visual adaptation results in aftereffects that exaggerate the difference between successively experienced
stimuli. In the tilt aftereffect (TAE), for example, the perceived orientation of a test line is repelled from
the orientation of an adapting line. This principle also applies to more complex stimuli. Adaptation to
faces can displace the next face viewed along axes such as identity, gender, ethnicity and speciﬁc emo-
tions (Webster et al., 2004). The TAE ﬁeld has been proposed as a general mechanism by which percep-
tual differences between shapes, including faces, could be enhanced through the systematic application
of local TAEs (Dickinson, Almeida, et al., 2010). In this way perception of faces could be systematically
modiﬁed along any dimension of interest deﬁned by face morphology. Because the time course of adap-
tation for the TAE is rapid (Sekuler & Littlejohn, 1974) the same needs to be true for shapes and faces and
Experiment 1 of this study shows that it is. Moreover, the orientation selective cells in early visual cortex
are retinotopically arranged with limited receptive ﬁeld sizes and so are sensitive to stimuli in particular
regions of the visual ﬁeld. A TAE ﬁeld explanation for shape and face adaptation requires, therefore, that
the shape and face aftereffects are retinotopic and Experiment 2 obtains this result. Experiment 3 exploits
the folded face illusion to demonstrate that adaptation to a simple orientation ﬁeld can also result in a
shift in the perceived emotion in a face.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
The orientation selective neurons of V1 provide local samples of
the content of oriented contrast changes in an image (Ferster &
Miller, 2000; Hubel &Wiesel, 1968), but the perceived orientations
of such contrast boundaries are inﬂuenced by previously experi-
enced orientations. For modest differences in orientation between
test and adaptor the orientation of the test is repelled from the
adaptor, exaggerating the difference in orientation (Gibson, 1937;
Mitchell & Muir, 1976; Schwartz, Hsu, & Dayan, 2007), a result
known as the tilt aftereffect (TAE). The spatial context of the local
samples also inﬂuences perceived orientation (Westheimer,
2008), but recent experiments investigating adaptation to geomet-
rical shapes and faces have shown that a ﬁeld of local TAEs applied
systematically across an object can account for much, if not all, of
the discrepancy between the presented and perceived test stimuli
after adaptation to a stimulus presented in the same region of the
visual ﬁeld (Dickinson, Almeida, et al., 2010). Thus, while the exis-
tence of specialized shape and face processingmechanisms is not in
question, Dickinson, Almeida, et al. (2010) proposed that adapta-
tion to the local orientation features of a viewed stimulus serves
to exaggerate the perceived dissimilarity of two sequentially pre-
sented objects. For objects which are of a similar type the changesll rights reserved.
Dickinson).are continuous and systematic and might, therefore, result in some
of the changes in the perceived morphology of objects that may
have previously been attributed to the effects of adaptation within
higher levels of the visual processing hierarchy. The encoding of a
face has typically been described in terms of a position in a multi-
dimensional face space (Valentine, 1991) with the average face at
the centre. Orthogonal axes in face space deﬁne characteristics such
as gender, ethnicity and emotional state (Webster et al., 2004).
Identity aftereffects have been demonstrated after adaptation to
anti-faces, faces with a morphological transformation opposite in
sense to that required to turn the average face into a speciﬁc face.
Such aftereffects can cause the mean face to adopt the identity of
the original face (Leopold et al., 2001) and the original to appear
as a caricature. This effect has been explained as being due to a shift
in the average or norm face towards the adapting face, with compo-
nents along axes describing speciﬁc facial features (Leopold et al.,
2001, 2005). Encoding along speciﬁc axes has been modeled either
as opponent, with competing pools of neurons most sensitive to
stimuli at the two ends of the axis, or as a multi-channel response
within a population of neuronswith preferred sensitivities covering
the spectrum of difference on that axis (Robbins, McKone, &
Edwards, 2007). A two pool model predicts that an aftereffect will
get progressively larger as the distortion of the adaptor is
increased. In contrast, a multi channel model would predict an
aftereffect that initially increases in magnitude with increasing
amplitude of transformation of the adaptor but which reaches a
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that adaptation to geometrically transformed faces, over a range
of amplitudes of transformation, produced magnitudes of afteref-
fects in the undistorted face that are consistent with the prediction
of amulti-channelmodel. However, the aftereffects of adaptation to
a circle transformed in the sameway (by a sinusoidal modulation of
radius), showed the same dependency on amplitude as the face
aftereffects. Moreover, Dickinson, Almeida, et al. (2010) showed
that the aftereffects could be predicted by the application of local
TAEs across the stimuli. This systematic application of the TAE
across the visual ﬁeld provides a general mechanism for exaggerat-
ing the perceived difference between successively experienced sim-
ilar stimuli. It is proposed that a substantial proportion of
morphological face aftereffects can be attributed to the systematic
application of a TAE ﬁeld across a face although other local adapta-
tion effects can also be expected to contribute to the perceived dif-
ference between adaptor and test stimuli. This study speciﬁcally
targets known properties of the TAE to test the TAE ﬁeld theory.
Earlier experiments on orientation adaptation used adaptation
times measured in seconds but TAEs have been observed after
adaptation to stimuli for only a few tens of milliseconds (Sekuler
& Littlejohn, 1974). Sekuler and Littlejohn claimed that the magni-
tude of the TAE was a constant for adaptation times of between
18 ms and one second and, therefore, as the magnitude of the
TAE has been shown to increase logarithmically for adaptation
times increasing from a few seconds to several minutes (Greenlee
& Magnussen, 1987), this result might be taken to imply that two
temporal regimes exist where the magnitude of the TAE is a differ-
ent function of adaptation time. However, the results of the Sekuler
and Littlejohn study are also consistent with logarithmic growth
after the rapid inception of the TAE. The fact that the functions
describing the magnitude of the TAE with respect to time across
the two studies are discontinuous (the functions ﬁtted to the TAE
data of Greenlee and Magnussen (1987) have an intercept with
the x-axis, indicating no tilt aftereffect, at a few seconds) might
then be attributed to the differing experimental procedures.
Greenlee and Magnussen used an orientation matching task within
which the test and the comparison lines may both have been sub-
ject to a TAE reducing the magnitude of the measured effect. Decay
of the aftereffect might also have occurred during the protracted
orientation matching test phase. Sekuler and Littlejohn, in contrast,
matched the orientation of a test line to a subjective horizontal, as
the adapting and test intervals cycled, until the observer was satis-
ﬁed with their adjustment. Investigation of whether the increase in
the magnitude of the TAE conformed to the same function over all
timescales would require the employment of the same experimen-
tal paradigm across all such timescales. Nonetheless, if shape and
face aftereffects are to be attributed to TAE ﬁelds then adaptation
to shapes and faces should occur very rapidly. It is also important
to note that the magnitude of the tilt aftereffect is strongly depen-
dent on the duration of the test stimulus with shorter test dura-
tions resulting in larger aftereffects (Wolfe, 1984). Test durations
were, therefore, held constant across experimental conditions.
Adaptation to shapes has previously been shown to occur with
adaptor presentation times of tens of ms (Dickinson, Han, et al.,
2010; Suzuki & Cavanagh, 1998) but examination of the afteref-
fects of adaptation to faces have only used adaptation times of half
a second or more. For time scales of 1 s or greater the magnitude of
aftereffects of adaptation to faces has been shown to increase log-
arithmically (Leopold et al., 2005; Rhodes et al., 2007), like the TAE
(Greenlee & Magnussen, 1987). If face aftereffects are explained by
ﬁelds of local TAEs then the adaptation should be apparent for
adaptation times as short as a few tens of ms and the adaptation
time dependency of the magnitude of the aftereffect should
approximate that described by Sekuler and Littlejohn (1974) for
the TAE and Dickinson, Han, et al. (2010) for the shape aftereffect(SAE). We therefore adopted as our ﬁrst hypothesis the prediction
that the time course of face adaptation, for short periods of time,
would approximate that for the TAE and the SAE. Experiment 1,
which tested this hypothesis, employed a face which was distorted
by modulating the distance from the bridge of the nose to every
point in a veridical face as a sinusoidal function of polar angle
(see Dickinson, Almeida, et al. (2010)). The maximum amplitude
of modulation was one tenth of the radius at which it was applied
and a frequency of 3 cycles of modulation in 2p radians was em-
ployed. This transformation of the face was chosen to allow us to
compare the effects of adaptation to faces directly with the afteref-
fects of adaptation to radial frequency (RF) patterns, closed paths
deformed from circular by a sinusoidal modulation of radius (Bell
& Badcock, 2009; Bell et al., 2007; Lofﬂer, 2008; Lofﬂer, Wilson, &
Wilkinson, 2003; Wilkinson, Wilson, & Habak, 1998), of the same
frequency and amplitude of modulation (Dickinson, Han, et al.,
2010). As can been seen in Fig. 1, a face subject to such transforma-
tions could be considered to undergo identity changes. Other
manipulations such as altering eye height (Susilo, McKone, &
Edwards, 2010) or feature contraction/expansion (Rhodes et al.,
2004) that alter the spatial relationships between features of faces
could also be considered to act on identity. The current study
determined the amplitude of modulation of the test pattern when
it appeared un-modulated post adaptation. This modulation level
was used as a measure of the size of the aftereffect for a range of
adaptor durations. The time course of acquisition of the adapted
state conformed to that of the TAE and SAE, as predicted.
It is proposed that the rapid adaptation to shapes and faces
might offer a resolution to some of the conﬂicting evidence in the
literature pertaining to the reference frame for aftereffects. Melcher
(2005) claimed that the tilt, form and face aftereffects were spatio-
topically (related by their positions in space) transferred across
saccadic eye movements, but Knapen et al. (2010) reported that
the reference frame for the TAE was retinotopic (related by coinci-
dence of the images on the retina). If the TAEwas related retinotop-
ically to the adaptor then the ﬁrst hypothesis implies that shape
and face aftereffects should also be predominantly retinotopic.
The literature, however, is also divided about this point. It has been
claimed that a large proportion of the face gender aftereffect per-
sists if the adaptor and test are related spatiotopically even if they
are not presented to the same region of the retina (Melcher, 2005),
and that the identity aftereffect is position invariant (Leopold et al.,
2001). More recent studies have emphasized the fall off in magni-
tude of the effect of adaptation to faces as the adaptor and test
are separated on the retina. Afraz and Cavanagh (2008) reported
that the face identity aftereffect fell to one third when the adaptor
and test were displaced by 6 and Afraz and Cavanagh (2009) con-
cluded that the gender-speciﬁc face aftereffect was maximal when
the adaptor matched the test in retinal position, orientation and
size. However, these studies do report a residual aftereffect in con-
ditions which are demonstrably not retinotopic. Explanations for
reported spatiotopic effects have centered on the mechanism of
remapping of receptive ﬁeld activity that provides for image
stability across saccades (Melcher, 2007), while those for position
invariant adaptation appeal to shape representations that exist
independent of position. A more prosaic explanation might be that
adaptation is retinotopic but is accumulated in different retinal
locations across eye movements. Adaptation to a particular stimu-
lus could therefore be acquired at numerous positions in the retino-
topic representation of the visual ﬁeld. While the TAE may have
some degree of spatial freedom due to lateral interactions across
the cortical sheet it might be expected to be indifferent to the global
form of the adaptor. Under such conditions the aftereffect would
depend only on orientations experienced locally. Our second
hypothesis, that shape and face aftereffects are retinotopic, is tested
in the conditions of Experiment 2. Experiment 2 measured the
Fig. 1. RF patterns and RF modulated face stimuli. From left to right the top row of stimuli are: (a) an RF3 pattern with a positive, sine phase, amplitude of modulation of 0.1,
(b) a circle (zero modulation amplitude), and (c) an RF3 pattern with a negative amplitude of modulation. After adaptation to (a), stimulus (b) would be perceived to have the
same sign of modulation as (c). The bottom row are: (d) a modulated version of (e) with a positive, sine phase, amplitude of modulation of 0.1, (e) a veridical image of Darren
Gough, and (f) a version of (e) with an negative amplitude of modulation. After adaptation to (d), stimulus (e) would be perceived as having the same sign of modulation as (f).
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tor and test patterns using adaptor duration times that were short
enough to make it unlikely that adaptation would be acquired at
multiple points on the retina (presuming the adaptor was pre-
sented while the observer ﬁxated on the ﬁxation point). This al-
lowed us to demonstrate that an aftereffect only occurred when
the adaptor and test stimuli were presented to the same area of
the retina. This effect was, however, shown to persist across eye
movements eliminating the possibility of a spatiotopic adaptation
effect. This was true for both shapes and faces.
The results of Experiments 1 and 2, therefore, are consistent
with the systematic application of a TAE ﬁeld across the stimulus.
One argument that could be leveled at the investigations into the
effects of TAE ﬁelds, however, is that they have thus far been con-
strained to the exaggeration of difference between a stimulus and a
copy of that stimulus that has undergone an arbitrary geometrical
distortion. Experiment 3 exploits the folded face illusion (Benton,
2009) to demonstrate that the perceived emotion in a face can
be shifted along the emotional axis bounded by happy and sad
by adapting to a two dimensional luminance grating with appro-
priate orientations.
2. Experiment 1: Adaptation to faces is rapid
2.1. Introduction
Adaptation to orientation (Sekuler & Littlejohn, 1974) and RF
patterns (Dickinson, Han, et al., 2010) is rapid, in both cases mea-
surable after as little as a few tens of milliseconds of adaptation.
This experiment investigates adaptation to faces over similarly
short timescales.
2.2. Methods
2.2.1. Observers
Five observers participated in the experiment. ED is an author,
while RO, KW, KT and TM are experienced psychophysical observ-ers but were naïve to the purpose of the study. All ﬁve observers
had normal or corrected to normal visual acuity. All experiments
of this study were approved by the University of Western Australia
ethics committee and therefore were conducted in accordance
with the Declaration of Helsinki.
2.2.2. Stimuli
Faces were used as adapting and test stimuli. The faces were de-
rived from a single image of the acclaimed Yorkshire and England
fast bowler Darren Gough by sinusoidally modulating the distance
to every point in the image from the centre (the bridge of the nose)
as a function of polar angle (h). The faces can, therefore, be consid-
ered to be radial frequency (RF) modulated. A face modulated in
the manner of an RF3 pattern (three cycles of modulation in 2p
radians) in zero phase and of positive modulation amplitude would
appear broad in the brow and narrow in the chin (and vice versa
for a negative modulation amplitude). The faces in the images used
subtended approximately 20 at the observer (Dickinson, Almeida,
et al., 2010). The transformation of the image is given by
r0ðhÞ ¼ r  ð1þ Asinð3hÞÞ ð1Þ
where r is the distance from the centre of the image to any point, A
is again the amplitude of modulation (expressed as a fraction of the
mean radius and therefore dimensionless), h the polar angle and r0
the transformed distance. The adapting pattern had an amplitude
of modulation of 0.1. Test patterns had a range of modulation
amplitudes. Fig. 1 illustrates examples of positive and negative
amplitudes of modulation of the neutral face and a circle.
2.2.3. Apparatus
Stimuli were created using Matlab Version 7 (Mathworks, Na-
tick, MA, USA) on a PC and presented from the frame buffer of a
Cambridge Research Systems Visage visual stimulus generator to
a Sony Trinitron CPD G-520 monitor. Luminance calibration was
performed using an Optical OP200-E photometer (head model
number 265). Screen refresh rate was 100 Hz. The images com-
prised 1024  768 pixels with each pixel subtending 20 of visual
4 J.E. Dickinson et al. / Vision Research 65 (2012) 1–11angle. The screen was viewed in a darkened room with an ambient
luminance of <1 cd/m2. Observers made responses to the stimuli
using a Cambridge Research Systems CB6 button box.
2.2.4. Procedure
The task of the observers in all conditions was to report the sign
(positive or negative) of the perceived modulation amplitude of a
test face with respect to the veridical face. Prior to testing with
faces the observers were familiarized with faces with a range of
modulation amplitudes centered on the veridical face. Faces with
broad brows and narrow chins, for example, have positive ampli-
tudes of modulation. A negative amplitude of modulation might
be attributed to a face perceived to have a broad jaw and narrow
forehead.
Each trial comprised an adapting period, an inter-stimulus
interval and a period during which a test pattern was presented.
The response of the observer to each trial initiated the next trial.
Trials of each condition were blocked. The method of constant
stimuli (MOCS) was used employing nine amplitudes of modula-
tion, with 20 repetitions of each presented within a block. ThreeFig. 2. Adaptation to faces, shapes and orientations is rapid. (a) The amplitude of modu
against adaptation time. An aftereffect is evident after very small durations of adaptatio
positive amplitude of RF modulation is required to null the repulsive aftereffect. (c) Tilt af
is also repulsive. Adaptation to faces, shapes and orientations is rapid and plateaus in mag
plateau is consistent with logarithmic growth in each case. Error bars are 95% conﬁdence
functions are ﬁtted to the data for the 10, 40, 160 and 640 ms adaptor duration conditiblocks of trials were performed for each condition and the order
in which the blocks were presented to each observer was random-
ized. The responses for each amplitude of a condition were collated
and the probability of reporting that the test stimulus had a defor-
mation consistent with a positive amplitude of modulation was
calculated for all amplitudes of modulation. A cumulative normal
distribution was ﬁtted to the data, using non-linear regression,
with the mean yielding the point of subjective equality (PSE), the
amplitude at which the test stimulus was perceived as un-modu-
lated. An un-adapted condition was also tested for each observer
and the PSE subtracted from the PSEs for the adapted conditions.
Panel (a) of Fig. 2 reports the magnitudes of the face aftereffect
measured in this study as a function of adaptor duration. This
aftereffect is deﬁned as the difference in the PSE for each condition
of adaptor duration and the PSE for the unadapted condition (er-
rors were added in quadrature and represent 95% conﬁdence
intervals).
The duration of presentation of the adaptor was varied across
conditions (10, 20, 40, 80, 160, 320 and 640 ms). Example psycho-
metric data for three observers is presented in Panels (d)–(f) oflation required to null the aftereffect of adapting to an RF modulated face plotted
n. (b) Shape aftereffect data previously reported in Dickinson, Han, et al. (2010). A
tereffect data previously reported in Sekuler and Littlejohn (1974). The tilt aftereffect
nitude after a few tens of milliseconds. Evolution of the aftereffect magnitude on the
intervals. (d–f) Psychometric data for three of the ﬁve observers. Cumulative normal
ons and the un-adapted condition.
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and 640 ms and the un-adapted condition are shown. The inter-
stimulus interval had a ﬁxed duration of 640 ms and the test face
was presented for 160 ms. A uniform-ﬁeld stimulus similar in all
respects to the background of the face stimulus was presented dur-
ing the ISI. No ﬁxation point was used but the observer was re-
quested to ﬁxate the centre of the screen which was coincident
with the bridge of the nose of the face.
2.3. Results
The left hand column of Fig. 2 shows the size of face, RF and tilt
aftereffects as a function of adaptation time. In all cases the ampli-
tude at the PSE is positive indicating that a positive amplitude of
modulation must be applied to the stimulus to compensate for
the repulsive aftereffect of adaptation to a positive amplitude
adaptor.
In Fig. 2a, the face adaptor duration is plotted along the x-axis
and the measure of the aftereffect (the difference between the
amplitudes of modulation at the PSE, for each of the conditions
of adaptor duration, and the un-adapted condition) on the y-axis.
Because the measure of the aftereffect is the difference between
the PSEs in the adapted and un-adapted states the aftereffect can
be assumed to be non-zero if the 95% conﬁdence intervals do not
contain the x-axis (p < 0.05). The aftereffect is seen to be rapidly ac-
quired, taking only 40 ms to develop to >50% of the aftereffect
experienced after an adaptation period of 640 ms. The increase in
magnitude of the aftereffect for adaptor durations of between
40 ms and 640 ms is consistent with logarithmic growth (i.e. a
straight line in log-linear coordinates). Example psychometric
functions for three of the ﬁve observers are presented in (d)–(f).
For clarity only the functions for the conditions with no adaptor
and adaptor durations of 10, 40, 160, and 640 ms are shown. The
psychometric functions are systematically displaced towards high-
er positive amplitudes of RF face deformation with increasing
adaptor duration. This indicates that an increasingly positive
amplitude of modulation must be applied to the face to null the
aftereffect as adaptor duration is increased. The average standard
deviations for the ﬁtted cumulative Gaussian distributions for the
ﬁve observers are: ED;0.0089, KW;0.0139, RO;0.0079, KT;0.0154
and TM; 0.0107. The after-effect for an adaptor duration of
640 ms is between 1 and 3 times this quantity across the ﬁve
observers. There was no systematic change in the values of the
standard deviations of the ﬁtted functions with adaptor duration
which indicates that the resolving power of the mechanism does
not improve with adaptation but the substantial displacement of
the psychometric function reveals that subsequently presented
stimuli are exaggerated in their difference.
For comparison, the equivalent data for RF3 patterns, which was
originally reported in Dickinson, Han, et al. (2010), is presented in
Fig. 2b and the TAE data reported in Sekuler and Littlejohn (1974)
is presented in Fig. 2c. The data presented in Panels (b) and (c)
were, therefore not collected as part of this study.
2.4. Discussion
The ﬁts to the data in Fig. 2a and b are functions describing log-
arithmic growth. The aftereffect, expressed as a proportion of the
local radius, increases by the same amount for each order of mag-
nitude increase in adaptor duration. For faces (Fig. 2a) the average
increase in the aftereffect, per order of magnitude increase in the
duration of adaptation, for the group of observers is 0.0059 ±
0.0021 (standard deviation) and for RF3 patterns (Fig. 2b)
0.0036 ± 0.0013. A t-test shows that these mean values are consis-
tent with being equal (t(7) = 1.908, p = 0.0981). The data of Sekuler
and Littlejohn, while originally plotted with a linear increase andthen a plateau, could also be approximated by a logarithmic ﬁt.
More data would be required to reliably distinguish these two
alternatives but that is not critical here as it is certainly clear that
adaptation to oriented lines, RF patterns and faces occurs rapidly.
For faces and RF patterns the aftereffect is non-zero (the 95% con-
ﬁdence intervals do not contain the x-axis) for the shortest adaptor
duration tested; 10 ms for faces and 20 ms for RF patterns.3. Experiment 2: Aftereffects of adaptation to faces and RF
patterns are retinotopic
3.1. Introduction
Experiment 1 demonstrated that the adaptation to faces is rapid
and that the early time-course of adaptation to faces, shapes and
orientations is comparable. This provides corroborating, if circum-
stantial, evidence for the TAE ﬁeld explanation of shape and face
aftereffects (Dickinson, Almeida, et al., 2010). As recent evidence
shows that the reference frame of the TAE is retinotopic (Knapen
et al., 2010) a TAE ﬁeld explanation requires that face and shape
aftereffects should be retinotopically constrained. Experiment 2
tests this hypothesis.
3.2. Methods
3.2.1. Observers
Five observers participated in the experiment. ED and HM are
authors. CH, VB and RO are experienced psychophysical observers
but were naïve to the purpose of the study. All observers had nor-
mal or corrected to normal visual acuity.
3.2.2. Stimuli
Geometrical shapes and faces were used as stimuli. Example
stimuli are shown in Fig. 1. The shapes (Fig. 1a–c) were radial fre-
quency (RF) patterns, circular paths deformed by a sinusoidal mod-
ulation of radius around the pattern (Wilkinson, Wilson, & Habak,
1998). The path describing the pattern had a D4 (4th derivative of a
Gaussian) cross-sectional luminance proﬁle with a maximum We-
ber contrast of 1 and a spatial frequency spectrum peaking at 8c/
deg (Lofﬂer, Wilson, & Wilkinson, 2003; Wilkinson, Wilson, & Ha-
bak, 1998). Background luminance of the RF pattern stimuli was
45 cd/m2. The phase of modulation deﬁnes the orientation of the
pattern. All patterns had a frequency of modulation, or number
of cycles of modulation in 2p radians, of 3 (RF3 patterns). RF3 pat-
terns in zero phase but with opposite amplitudes of modulation
appear to be inverted copies of each other. An RF3 pattern in sine
phase has the appearance of a rounded triangle resting on an apex.
If the amplitude is made negative (or phase is advanced by p radi-
ans) then it has the appearance of resting on a base (although one
could also say the RF3 pattern has been rotated through p/3 radi-
ans). The convention adopted in this paper is that the amplitude
changes sign rather than the phase changes by p radians. The pat-
tern radius, rRF, is, then, described by
rRFðhÞ ¼ r0  ð1þ A sinð3hÞÞ ð2Þ
where r0 is the un-modulated base radius, A is the amplitude of
modulation and h is the polar angle. The base radius of all patterns
was 90 min of visual angle. All of the shapes used could, therefore,
be considered as having the same phase of modulation but with
some patterns having negative modulation amplitude.
The faces (see Fig. 1d–f) were derived in the same way as for
Experiment 1 but were smaller, subtending approximately 3 of vi-
sual angle at the observer, so that the faces could be moved to dif-
ferent positions on the monitor. The faces and RF patterns were
approximately matched in Michelson contrast (the Weber contrast
Fig. 3. A schematic diagram illustrating the conditions of Experiment 2. From top to
bottom the ﬁve conditions of Experiment 2 measure the magnitude of shape and
face aftereffects when there is no adaptor (1) and when adaptor and test are
retinotopically and spatiotopically coincident (2), neither retinotopically nor
spatiotopically coincident (3), solely spatiotopically coincident (4) and solely
retinotopically coincident (5).
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RF stimuli approached 1). The background of the face stimuli had a
luminance of 7 cd/m2. The transformation applied to the faces is gi-
ven by Eq. (1) and is essentially equivalent to that applied to a cir-
cle to create RF3 patterns (Eq. (2)).
Adapting patterns of both types of stimulus had amplitudes of
modulation, in sine phase, of 0.1. Test patterns had a range of mod-
ulation amplitudes.
3.2.3. Apparatus
Stimuli were created using Matlab Version 7 (Mathworks, Na-
tick, MA, USA) on a PC and presented from the frame buffer of a
Cambridge Research Systems visual stimulus generator (a VSG2/5
for experiments using RF patterns and a Visage for experiments
using faces) to a CRT monitor (a Hitachi Accuvue HK-4821-D for
RF patterns and a Sony Trinitron CPD G-520 for faces). Luminance
calibration was performed using an Optical OP200-E photometer
(head model number 265). Screen refresh rate was 100 Hz for both
types of stimuli. The images comprised 1024  768 pixels with
each pixel subtending 10 of visual angle at the observer. The screen
was viewed in a darkened room with an ambient luminance of
<1 cd/m2. Observers made responses to the stimuli using a button
box (CB3 for RF patterns and CB6 for faces).
3.2.4. Procedure
The task of the observers in all conditions was to report the sign
(positive or negative) of the perceived modulation amplitude of a
test stimulus with respect to the un-modulated reference pattern.
For faces the reference was the veridical face and for shapes it was
a circle. Prior to testing with faces the observers were familiarized
with faces with a range of modulation amplitudes centered on the
veridical face and then asked to report the sign, positive or nega-
tive, of the perceived modulation during testing. RF3 patterns with
the appearance of resting on an apex and a face with a broad brow
and narrow chin have positive perceived amplitudes of modula-
tion. Negative perceived amplitudes of modulation would be
attributed to an RF3 pattern resting on a base or a face with a broad
jaw and narrow forehead. Fig. 1 illustrates examples of positive
and negative amplitudes of modulation of the neutral face and a
circle.
The MOCS was again employed to derive the data describing the
psychometric function. Conditions were blocked and three blocks
of trials performed for each condition. The order of blocks was ran-
domized for each observer. Every block comprised 20 trials at each
of nine different amplitudes of modulation condition, for a total of
540 trials for each condition. A cumulative normal function was ﬁt-
ted to the data using non-linear regression to derive the PSE, the
amplitude at which the test stimulus was perceived as un-modu-
lated, for each condition. Separate conditions examined whether
the effect of adaptation to RF patterns and faces was speciﬁc to
an area of the retina (retinotopic) or visual ﬁeld (spatiotopic).
The adaptor duration was ﬁxed at 160 ms, a duration sufﬁciently
short to preclude eye movements during presentation of the adap-
tor (Salthouse & Ellis, 1980). An inter-stimulus interval of 1 s was
interposed between the adaptor and test (this longer inter stimulus
interval was used to allow observers time to comfortably complete
any necessary eye movement between adaptation and test inter-
vals). The conditions are illustrated in Fig. 3.
At the start of each trial the observer ﬁxated a marker in the
centre of the screen. The adapting stimulus then appeared at an
eccentricity of 4 in the upper hemiﬁeld and 2 to the left of the ﬁx-
ation marker. During the subsequent inter stimulus interval the
ﬁxation marker either remained stationary, or moved abruptly 4
to the left or right after 500 ms, the mid point of the inter-stimulus
interval. Observers were required to ensure ﬁxation on the ﬁxation
point. The test pattern was then shown centred in the same posi-tion on the display as the adaptor (±70 vertically and horizontally)
or 2 to the right (±70). The ±70 uncertainty in position was added to
preclude the use of local positional cues to shape. Five separate
conditions were tested in blocked sets of trials; (1) no adaptor,
(2) adaptor and test retinotopically and spatiotopically coincident,
(3) adaptor and test neither retinotopically nor spatiotopically
coincident, (4) adaptor and test spatiotopically but not retinotop-
ically coincident and (5) adaptor and test retinotopically but not
Table 1
Shape and face aftereffects are retinotopically constrained. A one way ANOVA showed
that the means of the points of subjective equality for the observers within each
condition differed across conditions both for faces and RF patterns. The table displays
the results of a Newman–Keuls Multiple Comparison Test of the difference between
the means of all of the pairs of conditions for faces and for RF patterns. The means of
the conditions for which the adaptor and test were retinotopically coincident (2:
Retinotopically and spatiotopically coincident, and 5: Retinotopically coincident)
differed signiﬁcantly from those of the other conditions but not from each other. For
both faces and RF patterns the mean of the condition for which the adaptor and test
were solely spatiotopically coincident (4) was not signiﬁcantly different from those in
the no adaptor condition (1) or the condition where the adaptor and test were neither
retinotopically nor spatiotopically coinicident (3). The necessary and sufﬁcient
condition for an aftereffect of adaptation is that the adaptor and test are retinotop-
ically coincident. The superscripts  and  in the table indicates that the probability
of the result that the means are different was arrived at by chance is <0.01 and <0.001
respectively.
Comparison Faces RF patterns
q p < 0.05 q p < 0.05
1 vs. 2 6.990 Yes 11.27 Yes
1 vs. 3 2.236 No 3.268 No
1 vs. 4 0.392 No 1.764 No
1 vs. 5 5.493 Yes 9.491 Yes
2 vs. 3 9.225 Yes 14.54 Yes
2 vs. 4 7.382 Yes 13.04 Yes
2 vs. 5 1.496 No 1.783 No
3 vs. 4 1.844 No 1.504 No
3 vs. 5 7.729 Yes 12.76 Yes
3 vs. 5 5.886 Yes 11.26 Yes
J.E. Dickinson et al. / Vision Research 65 (2012) 1–11 7spatiotopically coincident. These conditions are illustrated in Fig. 3,
numbering off vertically downward, for the conditions (1–5). The
ﬁgure illustrates the procedure using RF3 patterns. The solid line
indicates the direction to the ﬁxation and the dashed line the line
of sight to the target.
3.3. Results
Fig. 4 presents the modulation amplitudes at the PSE for the ﬁve
conditions used to examine spatial speciﬁcity of adaptation to
shapes (RF patterns), Fig. 4a, and faces, Fig. 4b.
The results shown in Fig. 4 demonstrate that the aftereffects of
adaptation to RF patterns and faces are retinotopic. A one-way
analysis of variance (ANOVA) was performed on the data, with a
Newman–Keuls Multiple Comparison Test across the pairs of con-
ditions. The results are displayed in Table 1. Differences between
the paired results were only found when there was a retinotopic
relationship between adaptor and test stimuli.
3.4. Discussion
The results of Experiment 2 demonstrated that the aftereffects of
adaptation to geometrically transformed faces and circles were
retinotopically constrained. This ﬁnding is consistent with a TAE
ﬁeld explanation for the aftereffects. It is clear then that aftereffects
consistent with a geometrical transformation opposite to that used
to create the adaptor stimuli can be attributed to local effects. It has
been argued that, after adaptation to a particular face, a mean face
(or facial norm) assumes a distinct identity (Leopold et al., 2001).
Our results suggest that perceived identity is susceptible to localFig. 4. The effects of adaptation to shapes and faces are retinotopic. Modulation
amplitude of the test stimulus at the point of subjective equality (PSE) is plotted
against the adaptation condition. Data for faces (a) and RF patterns (b) are shown.
The error bars represent the standard deviation of the group means. Results for the
individual observers are encoded in the symbols (ED: black squares, VB: green
diamonds, RO: blue upright triangles, HM: purple hexagons and CH: orange stars).
For both faces and RF patterns the results indicate that the aftereffects are
retinotopic.adaptation. Axiomatic to the literature of face adaptation, however,
is that adaptation to higher level attributes of faces such as gender
and emotion transcends low level effects (Kovacs et al., 2008;
Kovács et al., 2007). The result that rapid face shape aftereffects
are retinotopic allows a test of this assumption. Experiment 3 ex-
ploits the folded face illusion (Benton, 2009) to test whether adap-
tation to an orientation ﬁeld unrelated to face processing can result
in a change in the perceived emotion in a face.4. Experiment 3: Adaptation to gratings can result in emotion
aftereffects in faces
4.1. Introduction
Experiment 2 showed that the shape and face aftereffects elic-
ited by very short periods of adaptation to geometrically trans-
formed faces and circles are retinotopic. Dickinson, Almeida, et
al. (2010) demonstrated that the aftereffects of adaptation to RF
patterns and faces could be accounted for by a systematic and reti-
notopic application of the TAE across the relevant region of the vi-
sual ﬁeld. It was proposed that this process, referred to as the
application of a TAE ﬁeld, serves to render successively experi-
enced similar stimuli more discriminable. The particular utility of
the mechanism is that it generalizes across all stimuli. The emo-
tional content of faces is often described as being expressed on
orthogonal axes. Adaptation to a face containing a substantial mag-
nitude of a particular emotion causes faces with a smaller magni-
tude of that emotion to appear to have less of that emotion still and
neutral faces are perceived as having the opposite emotion (Web-
ster et al., 2004). Illusions such as the folded face illusion (Benton,
2009) illustrate that perception of the emotional content of a face
is to some extent derived from the orientation content of that face.
If a picture of a face is folded vertically three times, once down the
centre and through the pupil of each eye, such that a horizontal
section through the plane of the picture is distorted into a ‘‘w’’
shape, opposite emotion is introduced by looking at the picture ob-
liquely from above or below the eye-line. From below the face ap-
pears happy and from above it appears sad. Experiment 3 exploits
8 J.E. Dickinson et al. / Vision Research 65 (2012) 1–11this illusion. Observers adapted to a two dimensional grating
which had been transformed to represent the orientation changes
introduced in the picture described in the folded face illusion.
Observers were then asked to report the emotion, happy or sad,
perceived in faces distorted using the same transformation. The
experiment tested whether adaptation to a simple orientation ﬁeld
could reliably alter the perceived emotion in a face.
4.2. Methods
4.2.1. Observers
Three observers participated in the experiment. ED is an author.
RO and KW are experienced psychophysical observers but were
naïve to the purpose of the study. All observers had normal or cor-
rected to normal visual acuity.
4.2.2. Stimuli
The adapting stimuli of this experiment were geometrically
transformed two dimensional sinusoidal gratings and the test
stimuli were faces. Examples are shown in Fig. 5.
The adapting and test stimuli were presented to the same region
of the visual ﬁeld. The vertical extent of the faces subtended an angle
of 20 at the observer. Two different adapting gratings were used.
In the ﬁrst (Fig. 5a) shear was introduced to a simple grating by dis-
placing the grating vertically upwards by one degree of visual angle
along the vertical lines which would pass through the pupils of theFig. 5. Example adapting and test patterns from Experiment 3. The gratings in (a) and (c
grating with horizontal bars by moving the grating vertically along the vertical lines that
the movement linearly towards no movement at the vertical edges and the vertical li
indicates the orientation of one bar of an un-transformed grating. The transformation of
grating and the form of the transformed bar indicated by the solid red line. In (a) the m
transformed from the veridical face (Fig. 1e) in the same way but with one third of the a
ends of the spectrum of transformed faces used in the MOCS. Face (b) is perceived as happ
(displaced towards (d)) and after adapting to (c) the neutral face would be perceived aseyes of the subsequently presented faces. The gratings on the verti-
cal lines through the centre of the face and the sides of the grating (at
±12.8 of visual angle from the centre line) were not moved and the
movement of the remainder of the gratingwas interpolated linearly.
This transformation of the grating is illustrated by arrows on the
grating shown in Fig. 5a. The pupils of the eyes in the face stimuli
were 5.7 of visual angle apart and therefore the bars of the grating
in the ‘‘V’’ at the centre of the grating were oriented at 20 to the
horizontal. The bars of the grating at the sides of the stimulus were
at an angle of 11 to the horizontal. The second adapting stimulus
(Fig. 5c) had the opposite sign of transformation to the ﬁrst.
The faces of the test stimuli were transformed in the same way
as the gratings. Fig. 5b is a version of the veridical face shown in
Fig. 1b transformed in the same way as the grating in Fig. 5a but
with one third of the amplitude (1/3 of visual angle). Fig. 5d has
the same negative sign of transformation as Fig. 5c but, again,
one third of the amplitude.
4.2.3. Apparatus
The apparatus was the same as that used in Experiment 1.
4.2.4. Procedure
The task of the observers in this experiment was to report
whether the test face of each trial appeared to be happy or sad.
The veridical face had a neutral expression. Each trial comprised
an adapting stimulus presented for 160 ms, an inter-stimulus) are the two adapting patterns. They are deformed from a simple two-dimensional
pass through the pupils of the eyes by one degree of visual angle and interpolating
ne through the nose. This transformation is illustrated in (a). The red dashed line
the grating is indicated by blue arrows at the point of maximal displacement of the
ovement was upwards and in (c) it was downwards. The faces in (b) and (d) are
mplitude of movement (200 of visual angle). These two faces represent the extreme
y and face (d) as sad. After adapting to (a) the neutral face would be perceived as sad
happy (displaced towards (b)).
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dition with no adaptor was also tested. Trials of each condition
were blocked. The MOCS was used employing nine amplitudes of
the face transformation, with 20 repetitions of each presented
within a block. The conditions were tested in a randomized order
with three blocks of trials of each condition performed. Responses
for each condition were collated and the probability of reporting
that the test face had a sad expression was calculated for all ampli-
tudes of transformation. A cumulative normal distribution was ﬁt-
ted to the data using non-linear regression with the mean yielding
the point of subjective equality (PSE), the amplitude at which the
test face stimulus was perceived to have a neutral disposition.
4.3. Results
The results of Experiment 3 are presented as psychometric
functions in Fig. 6. The probability of responding that the face is
sad, p(Sad), is plotted against the amplitude of the face transforma-
tion for the three conditions.
In the un-adapted state the PSE (the point at which there is an
equal probability of responding that the face appears sad or happy)Fig. 6. Adaptation to gratings results in emotion aftereffects. The psychometric
functions for the three observers demonstrate opposite directions of displacement
of the PSE after adaptation to the two adaptors. After adaptation to the adaptor
shown in Fig. 5a, the probability of reporting that the face appears sad is increased
for all modulation amplitudes. A face transformed using the same sign of
transformation as applied to create the adaptor causes a face to appear happy
(see Fig. 5b). The opposite effects occur after adapting to the grating shown in
Fig. 5c.is approximately coincident with the veridical face. When adapted
to the grating shown in Fig. 5a the psychometric function is dis-
placed in a direction consistent with an increased probability of
responding that the face appears sad (red1 line through red dia-
mond data points). The opposite is true after adapting to the grating
shown in Fig. 5c (blue line through blue square data points). Extra
sum of squares F-tests comparing the functions described by the
red and blue lines showed that the PSEs were signiﬁcantly different
(ED: F(1,50) = 322.2, p < 0.0001; KW: F(1,50) = 207.7, p < 0.0001;
RO: F(1,50) = 26.41, p < 0.0001).
4.4. Discussion
The results of Experiment 3 demonstrate that adaptation to an
orientation ﬁeld can result in a change in the emotion perceived in
a subsequently experienced face. The adapted state is acquired
rapidly and the result, of course, requires a retinotopic relationship
between the adaptor and test. Transformation of the face using the
transformation applied to the grating mimics the folded face illu-
sion. If a picture of a face is folded along vertical lines into a ‘‘W’’
shape and viewed obliquely from below the eye-line the face ap-
pears to frown. From above the eye-line it would appear to smile.
The opposite impressions are formed if the paper is folded into an
‘‘M’’. The change in perceived emotion can only be due to a change
in the orientation content of the face. In this experiment, we dem-
onstrate that adaptation to the orientation content of a grating
transformed to introduce the same change in local orientation near
the horizontal as would be introduced in the folded face illusion re-
sults in an aftereffect in a face that is consistent with having ap-
plied the opposite sign of transformation to the face. One can
imagine that the percept of emotion in a face on the happy-sad axis
is susceptible to changes in local orientation close to the horizon-
tal. After adaptation to the ‘‘W’’ transformed grating, the TAE
would cause changes in the perceived local orientation structure
of the face. The orientations close to the horizontal would assume
the ‘‘M’’ transformation causing the face to appear happy.
5. Conclusions
The results of Experiment 1 supported our ﬁrst hypothesis that,
for very short periods of exposure to an adapting stimulus, the time
course of adaptation to geometrically transformed faces is compa-
rable to those previously demonstrated for RF patterns (Dickinson,
Han, et al., 2010) and for the TAE (Sekuler & Littlejohn, 1974). The
adapted state is acquired within a few tens of milliseconds and the
magnitude of the aftereffect plateaus for adaptation times longer
than this. The growth of the aftereffect on the plateau is logarith-
mic, consistent in form with growth of the TAE for long periods
of adaptation (Greenlee & Magnussen, 1987). Greenlee and Mag-
nussen report, however, that the TAE approaches zero for adapta-
tion times of a few seconds. Reconciliation of the results over the
two timescales considered will only be possible by applying the
same experimental methodology across the two timescales. We
can say, however, that the similar time courses of adaptation for
the TAE, RF aftereffects and face aftereffects, over short timescales,
provide evidence that the substrate of the apparently global after-
effect might be common and therefore that the RF and face after-
effects are compatible with a TAE ﬁeld explanation (Dickinson,
Almeida, et al., 2010).
As the reference frame of the TAE is retinotopic (Knapen et al.,
2010) a TAE ﬁeld explanation for shape and face aftereffects re-
quires that such aftereffects are retinotopic. Recent experiments
investigating the spatial speciﬁcity of face aftereffects have1 For interpretation of color in Figs. 1, 2, 4 and 6, the reader is referred to the web
version of this article.
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2009). However, earlier experiments reported components of
adaptation to be spatiotopic (Melcher, 2005) or position invariant
(Leopold et al., 2001). The rapidly acquired adaptation to shapes
and faces demonstrated in Dickinson, Han, et al. (2010) and this
investigation respectively might allow these discrepancies in the
literature to be resolved. Dickinson, Almeida, et al. (2010) demon-
strated that different shape speciﬁc aftereffects can be induced
independently in the same region of the visual ﬁeld and that such
effects can be explained by the application of a TAE ﬁeld. The
implication is not that the ﬁelds are independent but that the ﬁelds
generated by adapting and test stimuli which are only modestly
different result in a systematic distortion of the test, and that this
is not true of dissimilar adaptor-test pairs. This ﬁnding allows for
the accumulation of the inﬂuence of TAE ﬁelds over time and
across the visual ﬁeld. In Experiment 2, we found no spatiotopic
or position invariant aftereffects but used an adaptation time of
only 160 ms, short enough to preclude multiple ﬁxations (Salt-
house & Ellis, 1980). Thus, we conclude that the face aftereffects
seen in the current study are due to the TAE and are, therefore, reti-
notopically constrained. An explanation for aftereffects that might
be considered position invariant might be found in the accumula-
tion of rapidly acquired and persistent tilt aftereffects accumulated
across eye movements. Fixation of different points of a face during
adaptation might also account for the spatial tolerance allowed in
studies that report a retinotopic frame of reference for face afteref-
fects (Afraz & Cavanagh, 2008, 2009). Multiple ﬁxations of dispa-
rate points in the visual ﬁeld during a long period of adaptation
might account for the apparent position invariance seen in some
studies (Leopold et al., 2001) and a systematic bias to the points
of ﬁxation might account for the spatiotopic transfer seen in others
(Melcher, 2005). Melcher (2005) reported spatiotopic transfer for
the tilt, shape and face aftereffects but not contrast adaptation.
Observers were required to ﬁxate a point displaced laterally at
which an adapting stimulus appeared for ﬁve seconds. The ﬁxation
point then moved to the centre of the presentation ﬁeld and a spa-
tiotopic stimulus appeared in the same position as the ﬁrst ﬁxation
point. If the observer were to anticipate the movement of the ﬁxa-
tion point, however, then a region of the retina that would subse-
quently correspond to the spatiotopically related position post
saccade would become rapidly and persistently adapted (Dickin-
son, Han, et al., 2010) and this might account for the apparently
spatiotopic aftereffect. Although eye tracking was used to monitor
ﬁxation in Melcher (2005) it might be the case that brief saccades
were not considered important when the adapting periods were
ﬁve seconds in duration, but the rapid and persistent nature of
the adaptation effect might have resulted in the state of adaptation
being acquired throughout a block containing some rejected trials.
Whatever the explanation, we did not replicate spatiotopic transfer
or spatial invariance of shape and face aftereffects in this study.
The utility of the rapid adaptation is the enhancement in ability
to discriminate between successively presented similar forms.
Faces have the same overall morphology, two eyes above a nose
and mouth, but we are very able at discriminating different faces
and differences in emotion across and within faces. The effect of
the TAE ﬁeld is to exaggerate differences that discriminate the
identity of individuals and their emotional states. In the context
of a conversation, when subtle changes in facial expression must
be interpreted, such changes would be rendered more salient.
The largest effect might be expected to be evident in a single indi-
vidual whose facial morphology changes because the difference
will be systematic across the whole face and this, in part, is why
we used the single image and distortions of it in this study. Recent
studies (Richler et al., 2009) have shown that the holistic analysis
characteristic of face processing is completed for very shortpresentation times or as they say, ‘‘happens at a glance’’. Compos-
ite faces that were dissimilar in the top and bottom half and pre-
sented in sequence were more discriminable, by a factor of two,
than those that were dissimilar in only one half. Discriminability
was seen to reach a plateau at exposure durations, to both the
study face and the test face, of little more than 100 ms. In order
for the TAE ﬁeld to be of value to the holistic mechanisms under-
lying face perception it must be effective at durations shorter than
this and in this study we have demonstrated that this is the case.
We have also shown that the face aftereffect observed here is reti-
notopic when the potential for eye movements to accumulate mul-
tiple exposures to a stimulus across the visual ﬁeld is removed.
Studies of eye movements have shown that observers scanning be-
tween faces when assessing whether they are the same or different
often chose such a retinotopic relationship by ﬁxating the same
feature of each face (Walker-Smith, Gale, & Findlay, 1977).
Adaptation has been the preferred tool of use in experiments
designed to probe the mechanisms of the visual processing of
faces. The utility of the method is based on the premise that the ef-
fects of adaptation are instantiated in the mechanism responsible
for the processing of the particular point of difference introduced
into the adaptor. For example, when adaptation to a predominantly
male face (often produced by morphing algorithms that combine
male and female faces along a continuum between male and fe-
male) results in a female face being exaggerated in its femininity,
the assumption is made that a mechanism that places faces on
an axis between male and female has become biased in some
way towards to femininity. However, much of the difference be-
tween male and female faces is, self-evidently, morphological.
We contend that much of the effect of adaptation in these circum-
stances can be attributed to a TAE ﬁeld. Experiment 3 showed that
adaptation to a simple two-dimensional grating can result in a shift
in the perceived expression of a face along the happy-sad axis. This
change can be attributed to a TAE ﬁeld. It has previously been
shown that adaptation to a curve can affect the perception of high
level facial expressions and that the effect is retinotopic (Xu et al.,
2008). We would contend that the curvature adaptation in this cir-
cumstance could also be attributed to the tilt aftereffect (Blake-
more & Over, 1974) but this proposed mechanism shares with
the TAE ﬁeld explanation the property that the effects of adapta-
tion are effected locally but perceived as modiﬁcation to global
attributes. By extension, it is likely that adaptation of cells at levels
of the processing hierarchy other than the primary visual cortex
will inﬂuence the analysis of stimuli at subsequent levels. As the
hierarchy is ascended the inﬂuence of adaptation might be ex-
pected to become less constrained to morphologically based differ-
ences. Evidence that this might be the case is provided by the
results of Ghuman, McDaniel, and Martin (2010) who reported sys-
tematic change in the perceived gender of faces after adaptation to
male and female bodies.
We conclude that TAE ﬁelds quite likely form the substrate for
rapidly acquired adaptation to the morphology of shapes and faces
and that the aftereffects due to such adaptation are retinotopically
speciﬁc. The TAE ﬁeld provides a general mechanism for the
enhancement of difference in successively presented similar stim-
uli independent of the higher level mechanisms that process com-
plex shape and faces. Other local contextual effects due to
positional associations (Badcock & Westheimer, 1985a, 1985b)
might also contribute to the overall aftereffect, as might effects
such as the aspect ratio aftereffect (Regan & Hamstra, 1992).
Acknowledgment
Australian Research Council Grants: DP0666206, DP1097003
and DP110104553 to D.R.B. and DP110101511 to J.B.
J.E. Dickinson et al. / Vision Research 65 (2012) 1–11 11References
Afraz, S.-R., & Cavanagh, P. (2008). Retinotopy of the face aftereffect. Vision Research,
48(1), 42–54.
Afraz, A., & Cavanagh, P. (2009). The gender-speciﬁc face aftereffect is based in
retinotopic not spatiotopic coordinates across several natural image
transformations. Journal of Vision, 9(10), 1–17.
Badcock, D. R., & Westheimer, G. (1985a). Spatial location and hyperacuity: Flank
position within the centre and surround zones. Spatial Vision, 1, 3–11.
Badcock, D. R., & Westheimer, G. (1985b). Spatial location and hyperacuity: The
centre/surround localization contribution function has two substrates. Vision
Research, 25(9), 1259–1267.
Bell, J., & Badcock, D. R. (2009). Narrow-band radial frequency shape channels
revealed by sub-threshold summation. Vision Research, 49(8), 843–850.
Bell, J., Badcock, D. R., Wilson, H., & Wilkinson, F. (2007). Detection of shape in radial
frequency contours: Independence of local and global form information. Vision
Research, 47(11), 1518–1522.
Benton, C. P. (2009). Effect of photographic negation on face expression aftereffects.
Perception, 38(9), 1267–1274.
Blakemore, C., & Over, R. (1974). Curvature detectors in human vision? Perception,
3(1), 3–7.
Dickinson, J. E., Almeida, R. A., Bell, J., & Badcock, D. R. (2010). Global shape
aftereffects have a local substrate: A tilt aftereffect ﬁeld. Journal of Vision,
10(13).
Dickinson, J. E., Han, L., Bell, J., & Badcock, D. R. (2010). Local motion effects on form
in radial frequency patterns. Journal of Vision, 10(3).
Ferster, D., & Miller, K. D. (2000). Neural mechanisms of orientation selectivity in
the visual cortex. Annual Review of Neuroscience, 23(1), 441–471.
Ghuman, A. S., McDaniel, J. R., & Martin, A. (2010). Face adaptation without a face.
Current Biology: CB, 20(1), 32–36.
Gibson, J. J. (1937). Adaptation, after-effect, and contrast in the perception of tilted
lines. II. Simultaneous contrast and the areal restriction of the after-effect.
Journal of Experimental Psychology, 20(6), 553–569.
Greenlee, M. W., & Magnussen, S. (1987). Saturation of the tilt aftereffect. Vision
Research, 27(6), 1041–1043.
Hubel, D. H., & Wiesel, T. N. (1968). Receptive ﬁelds and functional architecture of
monkey striate cortex. Journal of Physiology, 195(1), 215–243.
Knapen, T., Rolfs, M., Wexler, M., & Cavanagh, P. (2010). The reference frame of the
tilt aftereffect. Journal of Vision, 10(1).
Kovacs, G., Cziraki, C., Vidnyanszky, Z., Schweinberger, S. R., & Greenlee, M. W.
(2008). Position-speciﬁc and position-invariant face aftereffects reﬂect the
adaptation of different cortical areas. NeuroImage, 43(1), 156–164.
Kovács, G., Zimmer, M., Harza, I., & Vidnyánszky, Z. (2007). Adaptation duration
affects the spatial selectivity of facial aftereffects. Vision Research, 47(25),
3141–3149.
Leopold, D. A., O’Toole, A. J., Vetter, T., & Blanz, V. (2001). Prototype-referenced
shape encoding revealed by high-level aftereffects. Nature Neuroscience, 4(1),
89.
Leopold, D. A., Rhodes, G., Muller, K.-M., & Jeffery, L. (2005). The dynamics of visual
adaptation to faces. Proceedings: Biological Sciences, 272(1566), 897–904.Lofﬂer, G. (2008). Perception of contours and shapes: Low and intermediate stage
mechanisms. Vision Research, 48(20), 2106–2127.
Lofﬂer, G., Wilson, H. R., & Wilkinson, F. (2003). Local and global contributions to
shape discrimination. Vision Research, 43(5), 519–530.
Melcher, D. (2005). Spatiotopic transfer of visual-form adaptation across saccadic
eye movements. Current Biology, 15(19), 1745–1748.
Melcher, D. (2007). Predictive remapping of visual features precedes saccadic eye
movements. Nature Neuroscience, 10(7), 903–907.
Mitchell, D. E., & Muir, D. W. (1976). Does the tilt after-effect occur in the oblique
meridian? Vision Research, 16(6), 609–613.
Regan, D., & Hamstra, S. J. (1992). Shape discrimination and the judgement of
perfect symmetry: Dissociation of shape from size. Vision Research, 32(10),
1845–1864.
Rhodes, G., Jeffery, L., Clifford, C. W. G., & Leopold, D. A. (2007). The timecourse of
higher-level face aftereffects. Vision Research, 47(17), 2291–2296.
Rhodes, G., Jeffery, L., Watson, T. L., Jaquet, E., Winkler, C., & Clifford, C. W. G. (2004).
Orientation-contingent face aftereffects and implications for face-coding
mechanisms. Current Biology, 14(23), 2119–2123.
Richler, J. J., Mack, M. L., Gauthier, I., & Palmeri, T. J. (2009). Holistic processing of
faces happens at a glance. Vision Research, 49(23), 2856–2861.
Robbins, R., McKone, E., & Edwards, M. (2007). Aftereffects for face attributes with
different natural variability: Adapter position effects and neural models. Journal
of Experimental Psychology: Human Perception and Performance, 33(3), 570–592.
Salthouse, T. A., & Ellis, C. L. (1980). Determinants of eye-ﬁxation duration. The
American Journal of Psychology, 93(2), 207–234.
Schwartz, O., Hsu, A., & Dayan, P. (2007). Space and time in visual context. Nature
Reviews Neuroscience, 8(7), 522–535.
Sekuler, R., & Littlejohn, J. (1974). Tilt aftereffect following very brief exposures.
Vision Research, 14(1), 151–152.
Susilo, T., McKone, E., & Edwards, M. (2010). Solving the upside-down puzzle: Why
do upright and inverted face aftereffects look alike? Journal of Vision, 10(13).
Suzuki, S., & Cavanagh, P. (1998). A shape-contrast effect for brieﬂy presented
stimuli. Journal of Experimental Psychology: Human Perception and Performance,
24(5), 1315–1341.
Valentine, T. (1991). A uniﬁed account of the effects of distinctiveness, inversion,
and race in face recognition. The Quarterly Journal of Experimental Psychology
Section A: Human Experimental Psychology, 43(2), 161–204.
Walker-Smith, G. J., Gale, A. G., & Findlay, J. M. (1977). Eye movement strategies
involved in face perception. Perception, 6(3), 313–326.
Webster, M. A., Kaping, D., Mizokami, Y., & Duhamel, P. (2004). Adaptation to
natural facial categories. Nature, 428(6982), 557–561.
Westheimer, G. (2008). Illusions in the spatial sense of the eye: Geometrical-optical
illusions and the neural representation of space. Vision Research, 48(20),
2128–2142.
Wilkinson, F., Wilson, H. R., & Habak, C. (1998). Detection and recognition of radial
frequency patterns. Vision Research, 38(22), 3555–3568.
Wolfe, J. M. (1984). Short test ﬂashes produce large tilt aftereffects. Vision Research,
24(12), 1959–1964.
Xu, H., Dayan, P., Lipkin, R. M., & Qian, N. (2008). Adaptation across the cortical
hierarchy: Low-level curve adaptation affects high-level facial-expression
judgments. The Journal of Neuroscience, 28(13), 3374–3383.
